The numerical regional model (Eta) coupled with the Simplified Simple Biosphere Model (SSiB) was used to investigate the impact of land cover changes on the regional climate in Amazonia. Four 13-month integrations were performed for the following scenarios: (a) no deforestation, (b) current conditions, (c) deforestation predicted for 2033, and (d) large scale deforestation. All initial and prescribed boundary conditions were kept identical for all integrations, except the land cover changes. The results show that during the dry season the post-deforestation decrease in root depth plays an important role in the energy budget, since there is less soil moisture available for evapotranspiration. In all scenarios there was a significant increase in the surface temperature, from 2.0 C in the first scenario, up to 2.8 C in the last one. In both the scenarios (b) and (c), the downward component of the surface solar radiation decreased due to an increase in the cloud cover over the deforested areas, which contributed to a further reduction of the net radiation absorbed at the surface. The cloud mechanism, where an increase in albedo is balanced by an increase in downward solar radiation, was not detected in any of these scenarios. In scenarios (a), (b) and (c), a negative feedback mechanism was observed in the hydrological cycle, with greater amounts of moisture being carried to the deforested areas. The increase in moisture convergence was greater than the reduction in evapotranspiration for both scenarios (b) and (c). This result, and the meso-scale thermodynamic processes caused an increase in precipitation. A different situation was observed in the large-scale deforestation scenario (d): a local increase of moisture convergence was observed, but not sufficiently intense to generate an increase in precipitation; the local evapotranspiration decrease was dominant in this scenario. Therefore, the partial deforestation in Amazonia can actually lead to an increase in precipitation locally. However, if the deforestation increases, this condition becomes unsustainable, leading to drier conditions and, consequently, to reduced precipitation in the region.
The numerical regional model (Eta) coupled with the Simplified Simple Biosphere Model (SSiB) was used to investigate the impact of land cover changes on the regional climate in Amazonia. Four 13-month integrations were performed for the following scenarios: (a) no deforestation, (b) current conditions, (c) deforestation predicted for 2033, and (d) large scale deforestation. All initial and prescribed boundary conditions were kept identical for all integrations, except the land cover changes. The results show that during the dry season the post-deforestation decrease in root depth plays an important role in the energy budget, since there is less soil moisture available for evapotranspiration. In all scenarios there was a significant increase in the surface temperature, from 2.0 C in the first scenario, up to 2.8 C in the last one. In both the scenarios (b) and (c), the downward component of the surface solar radiation decreased due to an increase in the cloud cover over the deforested areas, which contributed to a further reduction of the net radiation absorbed at the surface. The cloud mechanism, where an increase in albedo is balanced by an increase in downward solar radiation, was not detected in any of these scenarios. In scenarios (a), (b) and (c), a negative feedback mechanism was observed in the hydrological cycle, with greater amounts of moisture being carried to the deforested areas. The increase in moisture convergence was greater than the reduction in evapotranspiration for both scenarios (b) and (c). This result, and the meso-scale thermodynamic processes caused an increase in precipitation. A different situation was observed in the large-scale deforestation scenario (d): a local increase of moisture convergence was observed, but not sufficiently intense to generate an increase in precipitation; the local evapotranspiration decrease was dominant in this scenario. Therefore, the partial deforestation in Amazonia can actually lead to an increase in precipitation locally. However, if the deforestation increases, this condition becomes unsustainable, leading to drier conditions and, consequently, to reduced precipitation in the region.
Introduction
A comprehensive assessment of the world's forests, released by the Food and Agriculture Organization of the United Nations (FAO 2000) , indicates that forested areas continued to decline significantly in the 1990s. According to FAO's analysis, the deforestation is concentrated in the developing world, which lost approximately 62 million hectares between 1990 and 1995. Over the last few decades, Brazil has witnessed various transformations in land use and land cover, including, for example, high rates of deforestation in the northern, northeastern and central regions and the expansion of agricultural lands in the southeastern and southern regions. These transformations in land cover, associated with land-use Correspondence: F. W. S. Correia, State University of Amazonas, Darcy Vargas Avenue, 1200 Manaus, AM, Brazil, e-mail: fcorreia@ uea.edu.br practices, exert a great influence on the hydrology, climate, and biogeochemical cycles of these regions Dirmeyer and Shukla 1994; Sud et al. 1996a, b; Hahmann and Dickinson 1997; Voldoire and Royer 2004) .
The Amazon Forest is the largest continuous tropical forest ecosystem in the world. Deforestation is rapidly progressing in the Amazon basin, particularly in its southeastern area (''Brazilian arc of deforestation''), encompassing the states of Rondônia, Pará and Mato Grosso. The rate of gross deforestation in Legal Amazon (the Brazilian part of the Amazon basin) from 2003 to 2004 was 26,130 km 2 . For over a decade, the Brazilian National Institute for Space Research (INPE, Instituto Nacional de Pesquisas Espaciais) has been conducting satellite imagery analysis to monitor the evolution of the extent and rate of gross deforestation in the Legal Amazon. According to INPE, by 2004 approximately 18% of Brazil's primary forests were converted to pasture and agricultural land (INPE 2005) . These have been the main forms of land use changes in Amazonia, although other land-cover-changes such as selective logging, the conversion of savanna (cerrado) to agricultural areas (for example, soybean farming in Mato Grosso state), and the abandonment and regrowth of forests also should be noted. All these land use and land cover changes in Amazonia raise one key scientific question: How will the regional climate of Amazonia change in response to changes in land use? Another important question raised is the need to consider a more realistic view of the Amazonian land cover, in order to verify any detected climate changes. To answer these questions, several studies used General Circulation Atmosphere Models (GCMs) to evaluate the effect of large-scale deforestation in the climate of Amazonia (Dickinson and Kennedy 1992; Manzi and Planton 1996; Zhang et al. 1996a, b; Lean and Rowntree 1997; Costa and Foley 2000; Kleidon and Heinmann 2000; Voldoire and Royer 2004) . Voldoire and Royer (2004) integrated a GCM for a period of twenty-nine years using the land cover distribution provided by the IM-AGE2.2 land cover map for 1980. Several integrations were performed, maintaining all the same boundary conditions, but replacing all tropical forests in Amazonia, equatorial Africa and Indonesia by grazing land, thus resulting reductions of precipitation, evapotranspiration, and moisture convergence over Amazonia when pasture replaced forest. However, Manzi and Planton (1996) and Lean and Rowntree (1997) found different results in their simulations, specially an increase of the moisture convergence. Unfortunately, GCMs are not well provided to simulate the partial deforestations, which are presently occurring in Amazonia; so, they are unable to estimate accurately the effects of partial deforestation on precipitation. Therefore, the use of high-resolution regional models, which represent in greater detail the hydrodynamic processes and their interactions with the continental surface processes, should be more efficient. Analytical and numerical studies using mesoescale (regional) models have shown that the horizontal heterogeneity in the turbulent surface sensible and latent heat fluxes can produce strong meso-scale circulations (Avissar and Liu 1996; Silva Dias and Regnier 1996; Avissar and Schmidt 1998; Wang et al. 2000) . These circulations significantly affect the structure of the Planetary Boundary Layer (PBL), the heat and moisture fluxes (Li and Avissar 1994; Chen and Avissar 1994a; Lynn et al. 1995; Dalu et al. 1996) , and the cloud and precipitation organization (Chen and Avissar 1994b; Wetzel et al. 1996; Wang et al. 2000) . As the exchange of energy, moisture, and momentum between the land surface and the atmosphere are important components of the climate system, the occurrence of changes in these fluxes, resulting from mesoescale circulations caused by natural or humaninduced heterogeneity, can potentially influence heat exchange and moisture circulation at the GCM scale. Using a regional climate model (Eta model) coupled with the Simplified Simple Biosphere Model-SSiB (Xue et al. 1991) , nested to the general circulation model from the Brazilian Center for Weather Forecasting and Climate Studies (GCM=CPTEC), this study evaluates how land cover changes (deforestation scenarios for current and potential future conditions) in Amazônia affect the regional climate.
Model description

ETA regional model
The main features of the Eta regional model are described in Black (1994) and Chou et al. (2002) . The National Center for Environmental Prediction's (NCEP) ETA model is an operational shortrange forecasting model used over the North and South American regions (Mesinger et al. 1988 ). The Eta model domain is positioned within about 57 S-13 N and about 100 W-20 W, centered at 22 S, 60 W. One of the features of this model is the vertical coordinate (Mesinger 1984) . This coordinate has relatively horizontal surfaces at all times and orography is represented by steplike functions. With this system, well-known errors associated with determining the pressure gradient force along a steeply sloped coordinate surface are minimized. The coordinate becomes appropriate for simulations over South America because the Andes Cordillera has very steep slopes along most of its longitudinal exension. Finite difference schemes are applied to the model system of equations in space and time. The discretization of the domain is done with the semi-staggered Arakawa E-grid in the horizontal, and the Lorenz grid in the vertical. The following numerical methods are used in the model: (i) a horizontal advection scheme developed by Janjic (1984) that conserves momentum and energy and restricts the cascade of energy toward the smaller scales; (ii) a second order nonlinear lateral diffusion based on the turbulent kinetic energy; (iii) a forward-backward scheme for the inertia-gravity wave, modified according to Mesinger (1977) and Janjic (1979) to prevent gravity wave separation; and (iv) a split-explicit time differencing with a time step of 200 sec for the inertia-gravity wave. The resolution used in the Eta model is 40 km horizontally and 38 vertical layers, with higher resolution in the boundary layer and in the upper troposphere=lower stratosphere. The Egrid is configured on a rotated latitude-longitude grid, in which the center of the grid lies at the center of the integration domain.
The physics of the model contains: (a) a modified Betts-Miller cumulus parameterization (Betts and Miller 1986) , which is also used for shallow convection; (b) a Mellor-Yamada level 2.5 scheme to account for turbulence between the model layers inside the boundary layer and in the free atmosphere; and (c) a Mellor-Yamada level 2.0 scheme to account for turbulence between the ocean surface and the lowest model layer. In the Mellor-Yamada schemes, the turbulent kinetic energy is calculated at model layer interfaces and is used to compute the exchange coefficients for the transfer of heat, moisture and momentum. The radiation package uses the schemes of Lacis and Hansen (1974) and Fels and Schwarztkopf (1975) for the shortwave and the longwave radiations, respectively. Both stratiform and cumuliform interactive clouds are diagnosed (Slingo 1987 ) based on the model's relative humidity and convective rainfall rate. The surface fluxes of momentum, sensible heat, latent heat and radiation over land are nonlinearly determined by the interaction between the lowest model layer and the surface using the Simplified Simple Biosphere Model -SSiB (Xue et al. 1991) . Over ocean areas, the surface fluxes are determined using Monin-Obukhov theory according to Lobocki (1993) . Boundary conditions for the Eta model include sea surface temperature, orography and vegetation land cover.
SSiB model
The SSiB is a simplified version by Xue et al. (1991) of the Simple Biosphere Model (SiB) proposed by Sellers et al. (1986) . It includes 12 different vegetation types according to Dorman and Sellers (1989) , and it is set up with three soil layers and one canopy layer. The main land cover groups in South America are broadleaf evergreen (Tropical forest), mixed broadleaf deciduous, grass and broadleaf deciduous shrubs (savanna), and broadleaf deciduous shrubs (caatinga). The SSiB model has eight prognostic variables: soil wetness for three layers; temperature at the canopy, ground surface, and deep soil layers; snow depth at the ground; and water intercepted by the canopy. An implicit backwards scheme is used to calculate the temperature tendency in the coupling of the lowest atmospheric model layer with the SSiB model, such that the energy conservation between the land surface and the atmosphere is satisfied. The soil temperature is calculated by the force-restore method, and the water movement in the soil is described with a diffusion equation. Each vegetation type has a set of parameters to describe the plant physiology. From the atmospheric model Eta, SSiB receives temperature, vapor pressure, and wind speed at the lowest sigma level of the model as well as short wave and long wave radiation fluxes and precipitation at the surface. The SSiB communicates back to Modeling the impacts of land cover change in Amazonia the Eta model through the sensible and latent heat fluxes and the momentum flux. The fluxes in SSiB are determined as a ratio of potential difference to resistance. There are three aerodynamic resistances corresponding to the resistance between the soil surface and canopy air space; the resistance between canopy leaves and canopy air space; and the resistance between canopy air space and reference height. These resistances are obtained as a function of the morphology of vegetation, the soil type, the wind speed and the corresponding potential difference of temperature. Many parameters have been calibrated using measurements taken on forest and pasture sites in the Amazon region (Correia et al. 2005) , as shown in Table 1 .
Experiment design and deforestation scenarios
Numerical integrations
Four simulation runs were performed, hereafter referred to as CONTROL, PROVEG, CEN2033 and DESFLOR. In the CONTROL and PROVEG experiments, the South American vegetation map includes land cover representations of Legal Amazon with (PROVEG) and without (CONTROL) deforested areas, as elaborated by the ProVeg Project (Sestini et al. 2002) from the base year 1997 (Fig. 1) . The region presents a great variety of vegetation types and, in order to simplify, the different types of vegetation were classified to SSiB types as forest, pasture and cerrado (a type 5.67 (4) 5.77
(1)
Ã Savanna-like vegetation.
Superscripts refer to the source references as follows:
(1) Correia et al. (2005) ; (2) Nobre et al. (1991) ; (3) Dorman and Sellers (1989) ; (4) Xue et al. (1991) Fig. 1. Deforestation scenarios with a horizontal resolution of 1 km Â 1 km. (a) no deforestation scenario used for the CONTROL simulation; (b) current deforestation scenario produced by the ProVeg Project (Sestini et al. 2002) and used in the PROVEG simulation; (c) deforestation scenario for 2033 used in the CEN2033 simulation. On the map, green means tropical forest; yellow, cerrado (a type of savanna); blue, water, and red, degraded pasture of savanna). In the CEN2033 experiment, a deforestation scenario for year 2033 was developed using a landscape dynamics model (Soares-Filho et al. 2004) . Finally, the DESFLOR experiment assumed that all of Amazonia's tropical forest area was replaced by degraded pasture, similar to what has been done in other Amazonia deforestation impact studies (Hahmann and Dickinson 1997) . The CPTEC=GCM T62L28 simulations were used for initial and lateral boundary conditions. The latter were updated every 6 h. The Eta model was integrated for a 13-month period, starting at 0000 UTC on December 1, 1999. The first month of model spin-up time was excluded; the results shown and discussed here refer to the last twelve months. The initial conditions for the horizontally non-homogeneous soil moisture content were derived from CPTEC=GCM. Climatological sea surface temperature (SST) was used in all experiments. Except for the landcover changes, all other initial and prescribed boundary conditions were kept identical in all simulations. The standard Student's t-test was used to assess significance, assuming independent values at each grid point and with monthly mean values taken as independent samples.
Current deforestation scenario -PROVEG
The vegetation map, which included the current deforestation in Amazônia (PROVEG), was provided by the ProVeg Project, lead by INPE (Sestini et al. 2002) . This map was generated using RADAMBRASIL Project data, at a 1:1,000,000 scale, and Instituto Brasileiro de Geografia e Estatística (IBGE, Brazilian Geography and Statistics Institute) vegetation land cover data, at a 1:5,000,000 scale (IBGE 1993), both available in digital format. Deforestation assessments conducted by the Project for Monitoring the Brazilian Amazon Gross Deforestation (INPE 2004) have been used to include the anthropogenic land cover changes that have been occurring in Amazonia over the last several years (Fig. 1b) . The assessments were based on Landsat Thematic Mapper (TM) satellite imagery analysis, of 112 scenes over the arc of deforestation (a region of intensive deforestation in the Legal Amazon) for base year 1997. The vegetation maps from IBGE and the RADAM project contain ''contact'' areas, which occur when two or three different vegetation types combine. Since the SSiB model does not recognizes these contact vegetation types, the ProVeg Project used a Landsat TM mosaic from 2000 to determine the contact areas and generate a more realistic land cover scenario, compatible with the SSiB biomes.
Future deforestation scenario -CEN2033
The Amazonian deforestation scenario for year 2033 was obtained using the DINAMICA landscape dynamics model (Soares-Filho et al. 2002 . It is a cellular automata model that presents multi-scale vicinity-based transitional functions, incorporating a spatial feedback approach to a stochastic multi-step simulation engine, and applies logical regression to calculate the spatial dynamics transitions probabilities. This model was initially designed to simulate the landscape dynamics in an Amazonian colonization frontier, particularly landscapes that evolve in farm-occupied areas. DINAMICA uses landscape maps as its main input (e.g., a land-use and land-cover map obtained by digital classification of remote sensing images). Also as input, the model employs selected spatial variables, which are structured in two cartographic subsets according to their dynamic or static nature. The road construction model can be coupled to the DINAMICA model, allowing for the incorporation of dynamic highway network maps. Figure 1c shows the deforestation map for 2033.
Control simulation
To evaluate the model's performance, we used average precipitation data compiled by Janowiak and Xie (1999) The data observed show a region of highly localized precipitation extending from the Southeast to the extreme north of the continent, as shown in Fig. 2a and b. The high precipitation Fig. 2 . Spatial patterns of observed and modeled precipitation (mm day À1 ) for January and July for South America: (a, b) For January, observations from Janowiak and Xie (1999) and ground stations data from several Brazilian Institutes, respectively; (c) predictions of the control simulation for January; (d, e) For July, observations from Janowiak and Xie (1999) and ground stations data from several Brazilian Institutes, respectively; (f) predictions of the control simulation for July F. W. S. Correia et al. line coincides with the average position of the South Atlantic Convergence Zone (SACZ), being associated with low altitude moisture convergence and intensified by frontal systems that move towards the equator. The values of the rain distribution over land estimated by the regional model for the humid month were similar to the ones observed in the central part of the continent (Fig. 2c) . The model produced intense precipitation over the Southeast, which was also verified in Janowiak and Xie's (1999) data, as well as in the data from the field stations. The high precipitation region near to the state of Amapá, approximately 5 N and 55 W, observed in the Janowiak e Xie (1999) data also was well simulated by the model. The Intertropical Convergence Zone (ITCZ) over the Atlantic and Pacific Oceans was correctly positioned. The precipitation band over the Atlantic Ocean, between 25 S and 40 S, was also correctly positioned, with values consistent with the ones observed. Over the Amazonia region, the model successfully simulated the precipitation distribution, with values of the order of 10 mm day À1 ; however, over the northeast region, the precipitation was underestimated by up to 3 mm day À1 . During the dry month (July), the precipitation observed over the continent took place in three regions: the extreme north of South America, the eastern coast of the Northeast, and southern Brazil (Fig. 2d) . Different climate regimes are responsible for the precipitation patterns in these different regions. In general, the model was able to show the spatial distribution of rain maxima over the continent during this period. In terms of order of magnitude, the regional model best represented the maximum precipitation region in the north of the continent; however, it produced excessive rain near the northern part of the Andes (Fig. 2f) . This systematic precipitation error is due to the topographical effect, also observed by Chou et al. (2002) . The positioning of the ITCZ and the cloud band over the Atlantic Ocean were well simulated; however, the model overestimated the precipitation over this convergence zone and also over the eastern part of the Northeast's coast.
Regional climate changes
This section presents the results of the simulations using the PROVEG, CEN2033 and DES-FLOR deforestation scenarios; their impacts on the regional climate are evaluated by the differences between them and the CONTROL simulation. The statistical significance of the anomalies is evaluated using the Student t-test with confidence level of 99%. The climatic impacts that these scenarios have on the annual averages of precipitation, evapotranspiration and moisture convergence are here assessed. For the PROVEG scenario, the precipitation presented a small increase of 0.9 mm day À1 near the deforested area of eastern Pará, with statistical significance at 99% (Fig. 3a) . No reduction in the regional precipitation was detected for the PROVEG scenario. This precipitation increase, located in the State of Pará, is related to a significant increase in the moisture convergence of the order of 1.0 mm day À1 (statistical significance at 99%), since the evapotranspiration was reduced over the deforested region (Figs. 4a and 5a ). This result could indicate that the deforestation, as simulated by PROVEG, contributed to the modifications in the dynamic atmospheric structure and, consequently, created meso-scale circulation as a result of differential heating related to the heterogeneity of the surface, once the thermal and radiative characteristics of the vegetation cover were modified. This result is consistent with the experimental evidence (from satellite observation analyses) of the increase of the cloud cover and precipitation over deforested areas of Amazonia provided by Durieux et al. (2003) . Examining the climate effects of changes in the vegetation cover over the arc of deforestation, Durieux et al. (2003) observed that during the dry season there were more low clouds present in the afternoon, while during the rainy season, the convection was stronger over pasture during the night, leading to an increase in local precipitation. Even though there was an increase in direct soil evaporation, the decrease in the transpiration and the evaporation of water intercepted by plants was sufficient to result in a reduction of the evapotranspiration over the deforested area. Other studies using high resolution regional models have demonstrated that the differential heating of the Planetary Boundary Layer (PBL), due to surface heterogeneity, creates a horizontal gradient in the latent and the sensible heat turbulent fluxes, which may generate intense mesoscale circulations (Silva Dias and Regnier 1996;  Modeling the impacts of land cover change in Amazonia Avissar and Schmidt 1998; Wang et al. 2000; Weaver and Avissar 2002) . Silva Dias and Regnier (1996) observed the presence of mesoscale circulations in response to differential surface heating in the transition area between Amazonian forests and pastures. These circulations were the result of complex interactions among the different types of vegetation, the topography and the large-scale drainage.
With the CEN2033 deforestation scenario an increase in precipitation was observed in the central-east Amazonia (1.2 mm day À1 ), as shown in Fig. 3b . Significant reductions were also observed in several localized areas, primarily in the north and the northeast of the Amazon Basin. The increase of precipitation in this same region can be explained, with high statistical significance, by the local increase in moisture convergence. In northern Amazonia, the reduction in precipitation was related to a reduction in evapotranspiration, while the increase in precipitation was due to mesoscale circulation changes which favored moisture transport to that region (Figs. 4b and 5b) . These results (increases and decreases in different locations) may indicate that the CEN2033 deforestation scenario produced local=regional changes in the atmospheric circulation and, consequently, in the local convergence of moisture. The annual mean precipitation increased over the deforested region, which was also the result of increased local moisture convergence, despite an observed reduction in evapotranspiration. Evaluating the tri-dimensional structure and the evolution of convective clouds with a mesoscale atmospheric model, Avissar and Liu (1996) observed that the cloud and precipitation distribution is strongly affected by the landscape structure; also, the mesoscale circulation's upward movement generated by the heterogeneous surface is stronger than the thermal cells induced by the turbulence. In addition to this, the ability of this meso-scale circulation to carry hot and humid air to high atmospheric levels increases the quantity of water that can Modeling the impacts of land cover change in Amazonia be condensed and, consequently, be precipitated (Wang et al. 2000) . Different from previous simulations, an increased precipitation was not observed with the DESFLOR scenario; however, significant reductions are notable in the east and northeast of the Legal Amazonia (Fig. 3c) . A significant increase was observed in the extreme western part of the South American continent, resulting from the increase in moisture convergence over this region (Fig. 4c) . On average, the precipitation decreased 12% and the evapotranspiration decreased 32% over the deforested area, demonstrating that there is an increase in moisture convergence over deforested areas. Despite this, the increase in moisture convergence was not intense enough to balance and overcome the reduced evapotranspiration, which resulted in a precipitation deficit over the region. The large-scale deforestation scenario contributed to the regional circulation changes, creating circulations that favor regional moisture convergence and are related to the increased surface heating and the changes in vegetation cover characteristics. These results confirm the ones observed in both the PROVEG and the CEN2033 experiments, that is, the atmosphere reacted to minimize the effects of reduced evaporation; however, contrary to what was observed in the previous simulations, the significantly reduced evapotranspiration over the region led to a reduced precipitation (Fig. 4c) . Different results, particularly the reduction of the moisture convergence, were obtained in other deforestation simulations, such as the ones by Polcher and Laval (1994) , McGuffie et al. (1995) , Hahmann and Dickinson (1997) , Costa and Foley (2000) , and Voldoire and Royer (2004) . Using a high resolution atmospheric regional model to evaluate deforestation effects in the western Amazon Basin, Gandu et al. (2004) observed a reduction of precipitation and cloud cover over the coast of Amapá, the eastern part of Maraj o o Island, and along the large rivers in this region; also, increased precipitation and cloud cover were observed in the mountain regions of south-central Pará State and the northern part of the State of Amazonas.
Energy and radiation budget
To evaluate the impact of land cover changes on the energy and radiation budget for each of the scenarios, the changes in three important variables were evaluated: albedo, temperature and cloudiness. The increase in albedo varied from 0.13 over forest areas to 0.19 over pasture areas (Table 2 ). An increase in surface temperature was observed in all of the scenarios, with annual mean values ranging from 2.0 to 2.8 C and with the most significant temperature impacts observed during the dry season, when the evapotranspiration was limited by the available soil moisture. A reduced surface net radiation was observed in all scenarios (of 24.4, 25.7, and 27.8 W m À2 for the PROVEG, CEN2033 and DESFLOR scenarios, respectively). With the PROVEG scenario, the reduction of the incoming short wave radiation, resulting from increased cloudiness, contributed to a reduction in the surface net radiation; thus, the surface short wave radiation budget decreased of À18.3 and À14.2 W m À2 in the wet and dry seasons, respectively. The cloud mechanism, in which the increase in surface reflected solar radiation is balanced by an increase in incoming solar radiation, was not observed in any of the scenarios. In general, the increase in albedo was primarily responsible for the reduced radiation balance, since the loss of surface long wave radiation had less influence in this scenario (Fig. 6) . Similarly, with the CEN2033 scenario there was a reduction in incoming short wave radiation due to the local increase in cloudiness, and a decrease in the surface net radiation due to increased albedo. These two factors led to a decrease in the surface short wave radiation budget in both wet and dry seasons. With the large-scale deforestation scenario (DESFLOR), an increase in incoming solar radiation was observed, resulting from reduced cloudiness in the middle and the upper atmosphere; finally, different from the other scenarios, the long wave radiation loss was more important for the surface net radiation decrease than for the albedo increase.
Concerning the long wave radiation, the increase of outgoing radiation in the CEN2033 scenario, resulting from increased surface temperature, played a dominant role in reducing the surface long wave budget, since there were practically no changes in the incoming radiation. The incoming long wave radiation increased and decreased in both PROVEG and DESFLOR scenarios, respectively, and was related to the cloud F. W. S. Correia et al. cover in each of the scenarios. The long and the short wave radiation budgets contributed to a reduced surface net radiation, with the second one presenting a greater contribution in both PROVEG and CEN2033 scenarios. The impacts on the radiation budget are more significant during the dry season; for example, the increase in outgoing long wave radiation is more intense and, therefore, changes in the surface net radiation are also more intense. This result corroborates the ones from other deforestation experiments implemented with GCMs, in which more significant changes were observed in the dry season, due to the soil moisture deficit (Sud et al. 1996a; Hahmann and Dickinson 1997; Lean and Rowntree 1997) . Nobre et al. (1991) observed that the reduced net radiation is governed by the increase in albedo, leading to a decrease in the short wave surface radiation budget, while Manzi and Planton (1996) and Hahmann and Dickinson (1997) observed an increase in incoming short wave surface radiation caused by the decrease in cloud cover, which cancelled the albedo increase effect (cloud mechanism). These divergent results among the simulations demonstrate their strong dependence on the cloud and the radiative transfer parameterizations.
Changes in cloudiness vary in each of the scenarios considered. An increased lower troposphere cloud cover was observed in all of the scenarios, but with a reduction in the middle and high troposphere cloud cover in the DESFLOR scenario (Fig. 6 ). For the PROVEG scenario, the cloudiness at low levels increased by an annual mean of 4.9%, varying from 5.9% to 2.6% during the wet and dry season, respectively, while for the CEN2033 scenario the cloudiness increased 3.9% (4.2%) in the wet (dry) season. Observational evidence for the increase of the cloud cover, over or near deforested areas in Amazonia, was also provided by Chu et al. (1994) , Cutrim et al. (1995) , Durieux et al. (2003) , Negri and Adler (2004) , and Chagnon et al. (2004) . Using satellite information, Cutrim et al. (1995) showed that deforestation can lead to an increase of the cloud cover during the dry season in Amazonia. Using satellite data from the Geostationary Operational Environmental Satellite (GOES) and the Tropical Rainfall Measuring Mission (TRMM), Negri and Adler (2004) observed that during the dry season -when the surface processes are not affected by synoptic scale systems, the low clouds, the deep convection clouds, and the precipitation are more intense over deforested areas of southeast Amazonia, while Chagnon et al. (2004) ested areas of southeast Amazonia during all months of the year. These results are in agreement with several other that were obtained using complex high-resolution models. This shows that the meso-scale circulations, induced by the surface heterogeneity between pasture and forest areas, increase the cloud cover and could induce local precipitation increase (Wang et al. 2000) . The impacts on the energy balance components were more significant when the degree of deforestation increased, being more intense during the dry season, in which the evapotranspiration was limited by the available soil moisture (Table 2 ). In all of the deforestation scenarios, the increase in surface temperature led to an increase in outgoing long wave radiation; thus, the amount of energy available to be partitioned between the latent heat and the sensible heat fluxes was considerably smaller. In addition, the smaller leaf area index (LAI) and the degraded pasture's reduced soil moisture storage capacity produced a reduction of transpiration and latent heat flux. The reduction in latent heat flux resulted in a large portion of available energy being allocated to heat up the atmosphere over deforested regions. In the PROVEG scenario, for the annual average and the wet season, the latent heat and the sensible heat fluxes decreased, while during the dry season the sensible heat flux presented a slight increase and the latent heat flux was reduced. During the dry season, the reduction of the latent heat flux was greater than the reduction of the surface net radiation, therefore leading to an increase in sensible heat flux. For both CEN2033 and DESFLOR scenarios, the annual means of latent and of sensible heat fluxes decreased and increased, respectively, as shown in Fig. 6 . For the DESFLOR scenario, the annual mean of latent heat flux decreased 25%, while the decrease during the dry season was even greater (28%). In all scenarios the reduction of the latent heat flux lead to a drier atmosphere near the surface, especially during the dry season, and to a warming of the Planetary Boundary Layer (PBL). This warming is consistent with the reduced roughness length, since the surface roughness plays a fundamental role in determining the turbulent heat and moisture fluxes between the surface and the atmosphere. At the top of the troposphere, the changes in the energy budget components are dominated by changes in the outgoing long wave radiation in the DESFLOR scenario, and by changes in outgoing short wave radiation in both CEN2033 and PROVEG scenarios.
Comparing these results to the measurements analyzed by Von Randow et al. (2004) , some differences are observed in relation to the evaporative fraction, defined as the ratio between the latent heat flux and the net radiation (LE=Rn). In all scenarios, the evaporative fraction for the forest was of the order of 80%, while the observational value was about 75%. This means that, in the partition of energy simulated by the model, a greater quantity of energy is available to evaporate the water. At the pasture site, the observed evaporative fraction was approximately 15% less than the value for the forest, while this study found a reduction of 6% in all scenarios. Faced with these results, the experiments conducted in this study showed that the reduction in evaporation was not as significant as the reduction observed between the forested and pasture sites.
Water budget
The evapotranspiration from the tropical forest is one of the most important water vapor sources feeding into precipitation in Amazonia and, as such, it was initially expected that its reduction would lead to a reduction of the precipitation. The changes in the hydrological cycle are different in each one of the deforestation scenarios. For the PROVEG scenario, the annual mean and the wet season precipitation increased 0.6 and 0.7 mm day À1 , respectively, while there were practically no significant changes in the dry season (Table 2) . Throughout the year, the moisture convergence and the evapotranspiration were inversely related, that is, most of the reduction of the evapotranspiration was balanced by an increase in moisture convergence (0.37 mm day À1 ) during the dry season, while during the wet season, the increase in moisture convergence surpassed the reduced evapotranspiration (À0.31 mm day À1 ), resulting an increased precipitation. Similarly, in the CEN2033 scenario the moisture convergence and the evapotranspiration also showed an inverse relationship; overall, during the dry and the wet seasons the reduced evapotranspiration was surpassed by an increase of the moisture Modeling the impacts of land cover change in Amazonia convergence. The annual mean and the wet season precipitations increased 0.39 mm day À1 and 0.42 mm day À1 , respectively. It can be seen that the atmosphere reacted to minimize the effect of the reduced evapotranspiration, bringing more moisture to the deforested area. Although there was a reduction of the evapotranspiration in both PROVEG and CEN2033 scenarios, an increase of the precipitation was observed, due to the continuous interactions of the dynamic and the hydrological processes, which served to compensate the reduction mentioned, with an increase of the local moisture convergence. The negative feedback mechanism of Sud and Fennessy (1984) may be used to explain this result. According to this mechanism, a reduction in evapotranspiration would lead to increases of the surface temperature and the sensible heat flux, which in turn would heat the lower troposphere. This would generate a low thermal surface relative to its neighbors; associated with this low, a low level moisture convergence would occur, creating favorable conditions for precipitation. In addition to this, the warming of the lower troposphere (due to the increase in sensible heat flux) would create a more unstable vertical profile, thus promoting convection.
Similar to the previous scenarios, the moisture convergence and the evapotranspiration also showed an inverse behavior for the DESFLOR scenario; most of the reduction in evapotranspiration is balanced by the increase in moisture convergence. Unlike in the other scenarios, the precipitation decreased during all seasons of the year. The reduced precipitation in this model can be explained by the evapotranspiration mechanism. According to this mechanism, the deforestation reduces the vegetation area and, as a result, the transpiration decreases. Furthermore, the deforestation reduces the interception, which causes a reduction of the evaporation of the water intercepted by the vegetation. The decrease of these components leads to a reduction of the evapotranspiration, leaving the lower troposphere drier. Also, for the convective systems developing over the region, a smaller amount of vapor would be available for vertical transport and the development of precipitation. This reduction in precipitation leads to a reduction in soil moisture, which in turn decreases the evapotranspiration even more. In this scenario, a significant reduction of the evapotranspiration was observed during the dry season, about 20% greater than the value of the wet season. This is due to the reduced length of roots in the degraded pasture, resulting in less soil moisture availability for evapotranspiration. The reduced evapotranspiration, among other factors, depends on the combination of two effects. First, a reduction in the amount of water being intercepted by plants due to a reduced interception capacity of the forest canopy and the pasture; and second, a change in the annual cycle of forest and pasture transpiration, since the root distribution in pasture areas is shallower than in forested areas, resulting in a significantly reduced evapotranspiration during the dry season. Similar results were reached by Heimann (1999, 2000) when they assessed the impact of root depth reduction on regional climate in Amazonia. They observed that the decrease in roots had significant impacts on the regional climate; also, during the dry season there was an accentuated reduction in the amount of energy available for evapotranspiration and, consequently, less moisture for the atmosphere. Further, they observed that for tropical forests an increase in root depth led to increases in evapotranspiration and latent heat flux during the dry season, leading to a surface cooling of the order of 8 C. In addition, more moisture was transported to areas of intense convective activity and to the ZCIT, thus supplying more energy for convection and, as such, intensifying the tropical circulation pattern.
The reduction in precipitation in the DESFLOR scenario was far less significan than the one found in the other large-scale deforestation experiments for Amazonia. For example, Sud et al. (1996a) , Hahmann and Dickinson (1997) , and Costa and Foley (2000) found reductions of 1.5, 1.0 and 0.7 mm day À1 , respectively. One possible reason for this difference may be that a regional model is used, which excludes potential largescale feedbacks. Concerning the moisture convergence, the results from all of these experiments showed a reduction in convergence, with the exception of the experiments conducted by Polcher and Laval (1994) , Manzi and Planton (1996) , and Lean and Rowntree (1997) , in which an increase of the moisture convergence was observed. Two methods are suggested for evaluating the hydrological processes in the Amazon F. W. S. Correia et al. basin: the first takes into consideration the partition of the precipitation over the basin, and the second evaluates the sources of precipitation, that is, the moisture advection and the local sources (Zhang et al. 1996a, b) . In general, the evapotranspiration was approximately 79% of the total precipitation (Fig. 7) . Compared to the previous studies by Salati and Vose (1984) and Salati and Nobre (1991) , the model slightly overestimated the local evapotranspiration, but was still close to the values observed in the Amazon Basin's hydrological cycle, and thus capable of representing the impacts that the deforestation scenarios have on the atmospheric water balance in Amazonia.
In all scenarios, the transpiration (ET) plus soil evaporation (ES) was approximately 63% of the total precipitation as shown in Fig. 7 . Additionally, about 15.8% of the precipitation was intercepted by the forest and re-evaporated back into the atmosphere. These results are compatible with estimates reported by Salati and Nobre Fig. 7 . Schematic illustration of the hydrological cycle in the control experiment and changes for each deforestation scenario: (a-c) control experiments for scenarios PROVEG, CEN2033 and DESFLOR, respectively; (d-f) changes of the hydrological cycle for scenarios PROVEG, CEN2033 and DESFLOR, respectively. For control experiment and each scenario, the values correspond to the average of the deforested area. Here P is the annually averaged precipitation, ET is the transpiration, ES is the soil evaporation (mm day À1 ), EL is the rate of evaporation of the precipitation intercepted by the foliage, R is the surface runoff. The percentages represent the contribution to the total precipitation. Numbers in parentheses are the percentage changes. Units are in mm day
À1
Modeling the impacts of land cover change in Amazonia (1991); overall, they overestimated ET þ ES and underestimated the rate of evaporation of the precipitation intercepted by the foliage (EL). The replacement of forest by pasture in the PROVEG scenario decreased the evapotranspiration (ET þ EL þ ES), leading to energy balance changes at the surface and in the atmosphere. The small increase in transpiration plus the soil evaporation were caused by a significant increase in soil evaporation, with an increase of 80% in relation to the control simulation. For the PROVEG scenario the precipitation increased 15.3% and changes in the vegetation and the soil parameters led to a reduction of approximately 68% in the interception loss, being greater than the reduction in transpiration, in relative terms. The total evapotranspiration was reduced by 0.4 mm day À1 ; however, the external moisture sources increased 1.05 mm day À1 ($116%), showing that in this scenario the horizontal moisture flux over the region overcame the reduction in evapotranspiration. This shows that the negative feedback mechanism prevailed, and it seems to be a better scenario than the one with a positive feedback. The positive feedback mechanism would create an instability in the system, thus leading to further degradation. Similar changes in the hydrological cycle were observed in the CEN2033 scenario. Also caused by changes in the physiological parameters, an 8% increase in precipitation and a 30% decrease in transpiration were observed in this simulation. Consequently, changes in physiological parameters in the Amazon forest, such as a reduced leaf area index, are fundamentally important to water recycling changes over the Amazon Basin. The reduction of the evapotranspiration (0.56 mm day À1 ) was more significant than with the PROVEG scenario, and the external moisture sources also increased, although less intensely than for the previous case. Notwithstanding, sufficient moisture was transferred to the region leading to an increase of the precipitation. With the large-scale deforestation scenario, the changes in the hydrological cycle were different from the ones observed in the other simulations: the precipitation and the transpiration declined 11% and 51%, respectively. Also, the external moisture sources increased (72%), but they were less intense than in the other scenarios. The negative feedback mechanism was also prevalent in this scenario; however, there was a more significant reduction of the evapotranspiration, resulting in less water being available for precipitation over the deforested area (Fig. 7) .
For all scenarios an increase of the surface runoff was observed in the deforested areas. The soil property changes in the deforested area, which reduce the hydraulic conductivity (infiltration), imply an increase of the pasture surface runoff, especially after intense storms. Overall, for the PROVEG and CEN2033 scenarios, the primary factors contributing to the increased runoff were the changes of the distribution and the intensity of precipitation. Hahmann and Dickinson (1997) observed reductions of the runoff and of the soil moisture in root zones for their simulation of large-scale deforestation in Amazonia. According to them, the reduced soil moisture was caused by changes of the root depth and of the soil texture, while the changes in the soil properties, as well as of the precipitation, contributed to the reduction of the runoff. For the DESFLOR scenario the surface runoff increased over the deforested area, with the reduced infiltration rates and the hydraulic soil conductivity being primarily responsible for this increase, since the precipitation decreased over the deforested area. It was observed that the moisture convergence does not match the surface runoff, which possibly indicates that the equilibrium of the model was not completely reached during the numeric integrations.
These results show that up to a certain point the partial deforestation in Amazonia may increase the precipitation at the local scale. However, if the deforestation continues to expand, as has been the case in recent decades, this picture will not remain the same; instead, a moisture deficit will occur in Amazonia, due primarily to a reduction of the water recycling, thus leading to less precipitation. The spatial and seasonal decrease of the precipitation can be associated with longer dry seasons that may lead to serious ecological consequences including, among other things, an increase in the frequency and the intensity of fires in forested areas.
Summary and conclusions
The consequences of deforestation on the Amazonian regional climate, considering four different F. W. S. Correia et al. scenarios (control -no deforestation, PROVEGcurrent scenario, CEN2033 -a deforestation scenario for 2033, and DESFLOR -a large scale deforestation scenario in which the tropical forest in South America was replaced by degraded pasture) are assessed using a regional model (Eta) coupled with the SSiB surface scheme. For each scenario thirteen-month integrations were performed. The simulation results showed significant changes of the radiation and the energy budgets during the dry season, for all scenarios. The decreased root depth after deforestation plays an important role in this result. The reduction of the surface incoming solar radiation for the PROVEG and the CEN2033 scenarios was caused by the increase of the low and medium level cloud cover in the troposphere. Different from previous studies, the effects of the cloud mechanism were not observed for any of the scenarios. Changes in the hydrological cycle differed with each scenario evaluated. For both the deforestation scenarios the net moisture transported into the deforested region was found to increase. For the PROVEG and the CEN2033 scenarios, the increase in moisture convergence was more intense than the reduction of the evapotranspiration, leading to an increase of the local precipitation. In other words, a negative feedback mechanism was observed with these scenarios, in which the mesoescale thermodynamic processes resulting from human-induced heterogeneity played an important role. The negative feedback mechanism discussed by Sud and Fennessy (1984) is useful to explain this process. On the regional scale, the local precipitation increases over the State of Pará with the PROVEG scenario and over the Amazonas (with the CEN2033 scenario) were caused by a local increase of the moisture convergence, thus contributing to modifications in the atmospheric dynamic structure and, consequently, the production of meso-scale circulations caused by the differential heating of the planetary boundary layer (PBL) due to heterogeneity in the underlying surface. These circulations can significantly affect the structure of the PBL, the heat, the moisture and the scalar fluxes, and the cloud and precipitation organizations.
Finally, for the DESFLOR scenario almost 55% of the reduction in evapotranspiration is compensated by the increase of the moisture convergence. This increase is a consequence of two deforestation effects: the planetary boundary layer warming and the wind magnitude increase. Even though the total rainfall decreases, its reduction is much smaller than the reduction of the evapotranspiration. Indeed, if the rainfall reduction were larger than the evapotranspiration reduction, the biosphere could be expected to exert a positive feedback mechanism on the rainfall climatology. Likewise, a smaller reduction would create a negative feedback mechanism. In the present simulation, the biogeophysical feedback mechanism of the deforested Amazonia is negative, and it seems to be a better scenario than the one with a positive feedback; it creates an instability that could lead to further degradation of the biosphere, as inferred by Xue and Shukla (1993) for the Sahel. On the other hand, a negative feedback leads toward a recovery, if the anthropogenic pressure is eliminated. However, for anthropogenic activities, such as the construction of roads, buildings, and parking lots, as well as using the land for grazing or agriculture, which do not permit regrowth, the negative feedback mechanism would generate excess water at the surface, thus causing increased runoff, floodings in low-lying areas, and other hydrologic disasters.
The increase of the cloud cover and the precipitation over the deforested areas (with the PROVEG and CEN2033 scenarios) is another indication that the mesoescale circulations affect the moisture and the heat transport in the atmosphere and, consequently, the climate. These meso-scale processes are sub-grid scale for the GCMs. However, the sub-grid parameterizations for current GCMs are based mostly on turbulence; no mesoescale processes -except gravity waves -are considered. Adequate parameterizations for these processes should be included in GCMs for improved climate simulations. This work shows that failing to account for the surface heterogeneity may have significant implications for simulating land-atmosphere interactions in large-scale atmospheric models.
Therefore, up to a certain point, the partial deforestation in Amazonia may lead to increased rainfall on a local scale; however, if the anthropogenic activities continue to expand, this condition would not be supported, resulting in a reduction of the precipitation. This result means Modeling the impacts of land cover change in Amazonia that if the degree of deforestation increases, the moisture convergence will not be intense enough to balance the reduction of the evapotranspiration, thus leading to a drier atmosphere with less precipitation. This, in turn, may lead to a longer dry season. The absence of an extended dry season apparently sustains the current tropical forests, and therefore a lengthening of the dry season could have serious ecological consequences including, among others, the increase of the frequency and the intensity of fires in forest areas. These results suggest that a complete and rapid destruction of the Amazon rainforest could be an irreversible process. Changes in the region's hydrological cycle and the disruption of complex soil-plant-atmosphere relations could be so profound that once the tropical forests were destroyed, they might not be able to reestablish themselves. If conservation policies and sustainable development are not able to halt this increase of the environmental degradation, then the land use changes could alter the vegetation-climate system in a major part of Amazonia leading towards a drier stable equilibrium, in which a different type of vegetation would be adapted to a new climate simulated for the deforestation case, most likely a savannalike vegetation such as the ''cerrado'' of central Brazil. Two characteristics of such vegetation make it particularly adapted to the foreseeable new climate: it can endure a 6-month dry season and it is fire-adapted.
